The synthesis and assembly of the active site [FeFe] unit of [FeFe]-hydrogenases require at least three maturases. The radical S-adenosyl-L-methionine HydG, the best characterized of these proteins, is responsible for the synthesis of the hydrogenase CO and CN − ligands from tyrosine-derived dehydroglycine (DHG). We speculated that CN − and the CO precursor − :CO 2 H may be generated through an elimination reaction. We tested this hypothesis with both wild type and HydG variants defective in second ironsulfur cluster coordination by measuring the in vitro production of CO, CN − , and − :CO 2 H-derived formate. We indeed observed formate production under these conditions. We conclude that HydG is a multifunctional enzyme that produces DHG, CN − , and CO at three well-differentiated catalytic sites. We also speculate that homocysteine, cysteine, or a related ligand could be involved in Fe(CO) x (CN) y transfer to the HydF carrier/scaffold. ligand and one CO ligand and by a third CO molecule that bridges the two metals (5). Unexpectedly, we also found that a small molecule first postulated (6), and now indirectly confirmed (7), to be dithiomethylamine (DTMA) bridges the two Fe ions (Fig. 1) .
. Initial crystallographic studies of the [FeFe]-hydrogenases from Clostridium pasteuranium (3) and Desulfovibrio desulfuricans (4) showed that the active site is composed of a conventional [4Fe-4S] cubane connected by a cysteine thiolate to a binuclear FeFe unit, in which each iron ion is terminally coordinated by one CN − ligand and one CO ligand and by a third CO molecule that bridges the two metals (5) . Unexpectedly, we also found that a small molecule first postulated (6) , and now indirectly confirmed (7) , to be dithiomethylamine (DTMA) bridges the two Fe ions (Fig. 1) .
The [4Fe-4S] cubane bridged to the binuclear [FeFe] unit has been collectively called the H-cluster (1) . Work from several laboratories has shown that the maturation of the [FeFe] center requires at least three protein maturases: HydF that has GTPase activity and appears to be both a [FeFe] center scaffold and carrier (8, 9) , HydG that synthesizes CO and CN − from tyrosine (10) (11) (12) (13) , and HydE that, by elimination, should be involved in the synthesis of the DTMA bridge (14, 15) . Both HydE and HydG are members of the large radical S-adenosyl-L-methionine (SAM) protein family (16, 17) . With the recent reports of HydG crystal structures from Carboxydothermus hydrogenoformans (Ch) by us (18) and from Thermoanaerobacter italicus (Ti) by Dinis et al. (19) , X-ray models are now available for the three maturases (20, 21) ; however, unambiguous structure-function relationships have been proposed only in the case of HydG. Indeed, site-directed mutational studies have shown that CO and CN − syntheses are affected by either the deletion of the maturase C-terminal region, where a second iron-sulfur cluster binds (22) , or Cys-to-Ser mutations in its corresponding CxxCx 22 C binding motif (10, 13) . In addition, it has been shown that HydG synthesizes Fe(CO) x (CN) y precursors (x = 1 or 2; y = 1) of the [FeFe] catalytic unit (23) . The two HydG crystal structures are very similar at the SAM and [4Fe-4S] cluster-containing (β/α) 8 TIM-like barrel, common to several radical SAM proteins (16) (Fig. 2) . Conversely, there are significant differences in the composition of the extra C-terminal second (s) iron-sulfur cluster. In our crystals, ChHydG lacks this center (18) , whereas TiHydG coordinates a [4Fe-4S] s cluster in one of the two molecules of the asymmetric unit and a second center with a fifth iron in the other molecule (19) . This fifth iron has been described as being bound by His265, a putative alanine molecule and a sulfide bridge to a [4Fe-4S] unit coordinated by the CxxCx 22 C motif. Two water molecules complete the octahedral Fe coordination (19) . Here the different second cluster structures are collectively called [FeS] s .
Results and Discussion
The overall disposition of the tyrosine-binding active site, tunnel II, and the second cluster (Fig. 2) , along with relevant chemistry, led us to propose a catalytic sequence for CO and CN − production (18) that may now be expanded (19) , as follows:
1. Tyrosine enters HydG through tunnel I and binds near SAM. 2. Its Cα-Cβ bond is cleaved after H-abstraction at the amino group by the SAM-derived 5′-deoxyadenosine radical, generating a p-cresyl radical (24) and dehydroglycine (DHG). 3. Uncharged DHG migrates toward the C-terminal domain,
where it binds to a cavity at the end of tunnel II with its imino group bound at a basic site occupied by a conserved Cl − ion in the two HydG structures (18) (Fig. S1 ) and one of its carboxyl oxygen atoms bound to the fifth iron ion of the [FeS] s cluster at a site occupied by a water ligand in TiHydG (19) (Fig. S2 ).
Significance
The normally biologically unusual CO and CN − diatomic compounds are characteristic iron ligands of hydrogen-metabolizing enzymes. In [FeFe]-hydrogenase, these ligands are synthesized from tyrosine-derived dehydroglycine (DHG) by the radical S-adenosyl-L-methionine (SAM) enzyme HydG. Although the SAM-based cleavage of tyrosine is fairly well understood, the mechanism of CO and CN -synthesis from DHG, which occurs at an unprecedented second iron-sulfur cluster, remains controversial. We report experiments showing that CN -and CO syntheses are independent catalytic events. Whereas CN -synthesis is iron-sulfur cluster-independent, the concomitantly produced -:CO 2 (H) is converted to CO and H 2 O at the second cluster. We unambiguously establish this reaction sequence by detecting -:CO 2 (H)-derived formate that accumulates when the second iron-sulfur cluster is either absent or impaired. This article is a PNAS Direct Submission. 1 To whom correspondence may be addressed. Email: yvain.nicolet@ibs.fr or juan. (Fig. 3) . Surprisingly, we also found that these two enzymes made significant amounts of formate. This is an important result that confirms our contention that − :CO 2 H is an intermediate in CO synthesis (18) . Furthermore, our in vitro experiment neatly explains why only markedly substoichiometric amounts of CO relative to tyrosine are observed; clearly, under these conditions only a very small fraction of the formed − :CO 2 H is used to make CO even by the WT enzymes (Mt-WT and Ca-WT in Fig. 3 ). Shepard et al. (11) also reported low CO production by WT CaHydG, but they interpreted it to be the result of CO sequestration within the protein. Our results suggest that low CO production is also a more likely explanation for their observations. In summary, although we considered alternatives to the postulated elimination reaction, such as nucleophilic catalysis, we conclude that only the elimination process can produce CN − and − :CO 2 H-derived formate simultaneously, as observed (Fig. 3) .
We next probed in vitro synthesis of CN − , CO, and formate by two of our HydG mutants. As shown in Fig. 3 , the CaHydG SxxS variant, which carries two Cys-to-Ser mutations at the second cluster binding CxxCx 22 C motif (10), makes less formate than the WT enzyme, which is consistent with our observation that this mutant also produces less CN − . This effect is very likely due to the fact that the SxxS mutation, by preventing coordination of the [FeS] s cluster, increases local protein flexibility (Fig. S1 ). Indeed, deletion of the cluster-binding C-terminal domain completely abolishes CN − synthesis (10, 13). As reported previously (10), the CaHydG SxxS variant does not make CO. More to the point, our MtHydG His266Asn mutant, which would be expected to affect the second cluster fifth iron coordination (19) and has approximately six irons per molecule, did not make CO under any of the tested conditions ( Fig. 3 and Fig. S6 ). Compare this with the small but still significant CO synthesis by WT MtHydG, which has only four irons per molecule ( Fig. 3 and Fig.  S4 ). These results support the idea that the fifth iron is the site of CO ligand synthesis (19) .
The MtHydG His266Asn variant also produced significantly more CN − and formate than either WT HydG enzyme (Fig. 3 ). We do not have a ready explanation for this finding. Perhaps the .0 ± 0.2, and 2.4 ± 0.1 Fe/protein, respectively), along with 1 mM tyrosine, 1 mM SAM, and 1 mM dithionite, at 37°C (except for Ca-SxxS at 30°C) in 50 mM Hepes, pH 7.4 for CaHydG or 50 mM Tris pH 8 for MtHydG, 150 mM NaCl, and 5 mM DTT. We confirmed that formate was derived from substrate by using 13 C-labeled tyrosine (Fig. S3) . CO production was monitored by the displacement of the hemoglobin Soret band on CO binding (Fig. S4) . Each value corresponds to the average of three independent experiments. Rates of formate production by these species are depicted in Fig. S5 .
absence of the second cluster fifth iron has a direct effect on the site at which the DHG elimination reaction occurs, because the two sites are contiguous (Fig. S1 ). Driesener et al. (13) reported a similar observation for their C386S mutant, which also made significantly more CN − than the WT enzyme. The phenotype of our His266Asn mutant helps explain the generally observed low in vitro CO production by WT HydG. As mentioned above, the His-to-Asn modification, less drastic than the Cys-to-Ser changes of the SxxS variants because it does not involve complete loss of the [FeS] s cluster, is likely to result in loss of the second cluster fifth iron. Accordingly, the variant should resemble the crystalline [4Fe-4S] s cluster-containing TiHydG molecule C (19) . Likewise, CO synthesis by the WT enzyme will be impaired if the second cluster fifth iron is absent. This in turn could be provoked by incomplete cluster reconstitution, subsequent loss because of its inherent labile nature (19) , or its removal as part of an Fe(CO) x (CN) y unit (23) . Nevertheless, our results for CO production show that even with substoichiometric amounts of iron, there should be a variable fraction of HydG molecules that carry a functional second cluster (Fig. 3) .
We next decided to explore the effect of added iron on in vitro CO production. As shown in Fig. 4 , when Fe(II) was initially added to the reaction mixture, the amount of CO produced by CaHydG after 90 min was almost double that produced by the control. An additional experiment was inspired by further crystallographic refinement of the TiHydG structure reported by Dinis et al. (19) (Tables S1 and S2 ). This procedure indicated to us that the amino acid bound to the fifth iron in the second cluster, putatively modeled as alanine by these authors, is very likely homocysteine (Hcy), which could have resulted from SAM degradation (Fig. 5) . Indeed, adding both Fe(II) and Hcy to the reaction mixture produced a significant acceleration in CO formation (Fig. 4) . The amount of CO synthesized after 120 min was the same with and without the addition of Hcy, however.
Although the observed effect of Fe(II) addition might be considered related to reconstitution of partially degraded SAMbound [4Fe-4S], this possibility is unlikely, given that the amount of CO synthesized was the same on addition of either Fe(II) or Fe(II) plus S 2− (Fig. S6) . The observed kinetic effect on CO synthesis by the addition of both Fe(II) and Hcy (Fig. 4) suggests the latter stabilizes the fifth iron of the second cluster during the in vitro reaction. We also investigated the effects of Ala and Cys on CO production by native MtHydG, along with the effect of Fe(II) on its H266N variant, and found that Ala did not stimulate CO production under any of the test conditions (Fig. S6) . Conversely, Cys stimulated CO production in a manner reminiscent of the Hcy effect (Fig. 4 and Fig. S6 ). The addition of iron to the H266N variant had no effect; this mutant was still totally defective in CO production (Fig. S6) . The same result was obtained with iron plus Hcy.
While this paper was under review, Suess et al. (27) reported a series of elegant spectroscopic experiments showing that free Cys is a tridentate ligand of the fifth (dangler) iron ion of the second (auxiliary) cluster. Our results on CO synthesis are consistent with this observation (Fig. S6) (27) . We have no explanation for this apparent discrepancy with our results on CO production with Hcy (Fig. 4) .
The final CO/CN − ligation of the postulated [(κ 3 -Cys) Fe(CO) 2 
(CN)]
− unit requires two sequential DHG-based reactions, which leaves one CN − ion not bound to the fifth iron. Based on spectroscopic observations, Suess et al. (27) also postulated that this extra CN − ion displaces the [(κ 3 -Cys)Fe(CO) 2 
− unit from its site in HydG. This hypothesis is consistent with our assertion that the Cl − site, near the second cluster (Fig. S1 ), serves as a temporary CN − -binding site during Fe(CO) 2 (CN) synthesis (Fig. S2) .
We may now combine previously published data and our present results to generate a rather complete description of CO/ CN − synthesis by HydG. Driesener et al. (13) have shown that p-cresol formation by WT CaHydG can be stoichiometric with CN − production, and that very small amounts of glyoxylate (from DHG hydrolysis) are found in that case. In their C386S mutant, which like our SxxS variant lacks a functional second cluster, the declining rate of CN − synthesis resulted in a stoichiometric increase in glyoxylate production (13) . As in our case (10) , no CO synthesis was detected for this mutant. These results are explained in Fig. 6 ; if the elimination reaction that produces CN − and − :CO 2 H from DHG at site II is slower than tyrosine cleavage at site I (like when a functional second cluster is missing; Fig.  S1 ), DHG will accumulate and eventually leak out HydG to be hydrolyzed to glyoxylate, as observed by Driesener et al. (13) . In addition, CO synthesis is expected to be slower than CN − production, because it requires the additional reaction of − :CO 2 H at the [FeS] s cluster (Fig. S2) . Consequently, some − :CO 2 H-derived formate will accumulate and, along with CN − , subsequently escape from HydG. This process will be exacerbated if this cluster is not functional (see III). This interpretation explains our titration experiments (Fig. 3) . When the reaction mixture is supplied with Fe(II), CO production almost doubles. This suggests that in vivo, Fe is provided to HydG by some mechanism either insufficient in, or absent from, the in vitro experiments using Escherichia coli extracts.
Indeed, the [FeS] s cluster, or at least its fifth iron, apparently has not been readily reconstituted in most of the in vitro experiments reported to date. For instance, Swartz et al. (28) added a 10-fold excess of HydG relative to the other maturases in their cell-free [FeFe]-hydrogenase maturation experiments to obtain sufficient active enzyme. Furthermore, the low yields of CO produced by HydG in in vitro assays suggest that it also may lack external factors required for optimal Fe(CO) x (CN) y transfer. The finding by Suess et al. (27) that Cys is determinant for the binding of the fifth iron to the second cluster may explain, at least in part, the origin of this problem. Many of the heterologously expressed HydG samples were purified by metal-affinity chromatography and subsequently reconstituted with Fe and S 2− , but without added Cys. Under these conditions, the concentration of functional second clusters should have been suboptimal.
Results reported by Dinis et al. (19) and Suess et al. (27) , along with the observations reported here, suggest that the labile nature of the fifth iron binding may be a requirement for the dissociation of the nascent Fe(CO)x(CN)y unit from HydG and its transfer to the scaffold/carrier HydF (8, 9) . We speculate that in vivo, Cys, Hcy, or a related ligand (collectively called L) could contribute to the binding stability of this unique ion and could Fig. 6 . Schematic depiction of the three catalytic activities of HydG. Cleavage of the tyrosine substrate takes place at I. The p-cresyl radical abstracts a hydrogen atom and becomes p-cresol. DHG migrates to II (physical barrier 1), where it undergoes an elimination reaction (here represented as being of the E1cb type, although E2 elimination could be possible as well; ref. 29) . In HydG variants where II is affected by the absence of a second cluster, some DHG leaks out of HydG and is hydrolyzed to glyoxylate. In addition, much less CN − is made in this case (Fig. 3) . In our in vitro experiments, WT HydG CN − production is faster than CO synthesis (kinetic barrier 2), and significant amounts of both − :CO 2 H-derived HCO 2 H and CN − escape from the enzyme. The His266Asn variant, which does not make CO, also produces large amounts of these two products. In III, complex A (23) is made from CO synthesized at the fifth iron and CN − produced in II. A less well-defined process results in complex B (23). Δ CTD = mutant with a C-terminal domain deletion (III). Its tyrosine binding affinity at I is reduced (26) . + and -signs signify increased and diminished production, respectively (or consumption in the case of tyrosine). L, Cys or Hcy.
also be involved in the transfer process. Indeed, inspection of the HydG crystal structures shows that the fifth iron side that faces the site where DHG is expected to bind and react (the "Cl − site"), lies opposite to the side where Hcy binds (Fig. 5A) . This coordination sphere would in turn facilitate the transfer of a transient octahedral Fe(CO) 2 (CN)(L) species to HydF. These ideas, which are related to those of Suess et al. (27) are depicted at the bottom of Fig. 6 , where L = Cys, Hcy.
Because in a similar HydG variant, the appearance of the p-cresyl radical was faster than CN − synthesis, it has been claimed that CN − production by a mutant lacking a functional second cluster and unable to produce CO is not relevant to the physiological synthesis of this ligand (19, 24) . The assumption that CN − synthesis by these mutants is unrelated to this process was required, because CO and CN − were supposed to be synthesized simultaneously. Simultaneous CO and CN − synthesis is based on a reaction model in which DHG oxidatively adds to the unique iron ion of the second cluster in a bidentate mode and forms the two triple-bonded ligands (19, 24) . The experiments reported here exclude that mechanism (Fig. 3) . Conversely, our model comprising a DHG elimination reaction (Fig. S2) explains all of the available experimental data (Fig. 6) . Thus, it can be unambiguously concluded that DHG, CN − , and CO syntheses are three separate and sequential catalytic events.
Our results clearly show that HydG is a trifunctional enzyme that displays radical chemistry to produce a p-cresyl radical and DHG from tyrosine and uses differentiated but contiguous active sites to catalyze an elimination reaction that leads to concerted CN − and -:CO 2 H production from DHG at a basic site at the end of tunnel II and to CO and H 2 O/OH − synthesis from 
Materials and Methods
Protein Expression and Purification. The synthetic gene of the HydG maturase from Mt was purchased from GenScript. The DNA sequence, which was codon-optimized for expression in E. coli, was inserted into pET-15b plasmids (Novagen) between the NdeI and BamHI restriction sites. The resulting protein contains a thrombin-cleavable N-ter His tag and corresponds to the pMtHydG construct described previously (10, 18) . The MtHydG H266N variant was obtained with the Quik-Change SiteDirected Mutagenesis Kit (Stratagene), using Phusion polymerase (New England Biolabs) and the following PCR primers:
forward, 5′-CGTGGGTCCGAACACGATCTC-3′; reverse, 5′-GAGATCGTGTT-CGGACCCACG-3′. The correctness of the cloned DNA sequence was confirmed by sequencing of the entire gene. pCaHydG and pMtHydGSxxS constructs coding for CaHydG and its SxxS variant (10) were already available.
The recombinant hydG genes from Ca and Mt were coexpressed with the isc and metK operons using an E. coli BL21 strain containing both pCaHydG (or pMtHydG) and pRSF-ISC-MetK plasmids. Cells of these derivative strains were grown in TB medium containing ampicillin and kanamycin at 37°C, to an OD 600nm of ∼1. The temperature was then lowered to 15°C, and the medium was supplemented with 1 mM ammonium iron(III) citrate and 1 mM cysteine before protein expression was induced by the addition of 1 mM isopropyl β-D-1-thiogalactopyranoside. The cultures were grown for an additional 15 h before harvesting. The pelleted cells were temporarily frozen at 80°C. All subsequent steps were performed under anaerobic conditions under <5 ppm of O 2 . The cell pastes were resuspended in anaerobic buffer containing 50 mM Hepes pH 7.4 and 500 mM NaCl for CaHydG proteins or 50 mM Tris pH 8 and 500 mM NaCl for MtHydG proteins, along with EDTAfree protease inhibitor mixture. Cells were disrupted by sonication, and the cleared lysates were loaded onto a 5-mL nickel chelating column (Hi-Trap; Pharmacia).
The proteins eluted at 300 mM imidazole were subsequently desalted using a GE Healthcare 50-mL column with a solution containing 50 mM Hepes pH 7.4, 500 mM NaCl, and 5 mM DTT for CaHydG proteins and a solution containing 50 mM Tris pH 8, 500 mM NaCl, and 5 mM DTT for MtHydG proteins. The iron-sulfur clusters were reconstituted in vitro by the addition of a 14-fold molar excess of (NH 4 ) 2 Fe(SO 4 ) 2 and cysteine, a fourfold molar excess of DL-homocysteine, and 100 nM of Azotobacter vinelandii cysteine desulfurase NifS, followed by overnight incubation at 4°C (30) . The proteins were further purified to homogeneity by gel filtration with a GE Healthcare HiLoad 16/600 S200 prep-grade column using a solution of 50 mM Hepes pH 7.4, 150 mM NaCl, and 5 mM DTT for CaHydG and a solution of 50 mM Tris pH 8, 150 mM NaCl, and 5 mM DTT for MtHydG. HydGs eluted as two peaks, corresponding to a monomer and a small amount of dimer. Only the fractions corresponding to the monomer were kept and were immediately stored in liquid nitrogen. Iron content was determined using the method of Fish (31) .
Cyanide and Formate Production by MtHydG and CaHydG. A modified version of the activity assay described by Driesener et al. (12) was used. Activity assays were carried out in a solution consisting of 1 mM tyrosine, 1 mM SAM, 30 μM chemically reconstituted MtHydG or CaHydG, 50 mM buffer (Tris pH 8 for MtHydG and Hepes pH 7.4 for CaHydG), and 150 mM NaCl (final volume 1 mL). Reactions were initiated by addition of sodium dithionite (final concentration 1 mM). The samples were incubated at 37°C (or 30°C for the Ca-SxxS mutant, because this protein precipitates at 37°C) for 60 min. Reactions were stopped by flash-freezing the samples in liquid nitrogen.
Cyanide Titration. HydG-produced cyanide was determined as described previously (10) with a customized 10-mL double-necked round-bottom flask containing a gas inlet consisting of a thin glass tube. First, 4 mL of distilled water, 20 μL of antifoam Y-30 emulsion (Sigma-Aldrich A5758), and 1 mL of activity assay mixture were heated in a water bath to 95°C under argon. Over 25 min, 500 μL of 3 M H 2 SO 4 and 400 μL of 5 mM KMnO 4 were added, and the extracted HCN was collected in a thin glass tube containing 1 mL of 100 mM NaOH. The final volume of the collected solution was measured to correct for evaporation from the flask and subsequent condensation. Cyanide was subsequently titrated as described previously (32) .
CO Detection. HydG-produced CO was detected following a protocol adapted from Shepard et al. (11, 33) . In a 200-μL sealed quartz cuvette were mixed 17 μM MtHydG (or 9 μM Mt-H266N variant) or 9 μM CaHydG (or 20 μM Ca-SxxS variant), 50 mM buffer (Hepes pH 7.4 for CaHydG and Tris pH 8 for MtHydG), 150 mM NaCl, 1 mM sodium dithionite, 0.3 mg/mL bovine hemoglobin (Sigma-Aldrich 51290), and 1 mM tyrosine. The protein-free blank was performed before hemoglobin addition. The reaction was initiated by the addition of 1 mM SAM and was performed at 37°C. UV-visible spectra between 380 and 600 nm were recorded at fixed time intervals. The effects of Fe(II) and homocysteine addition on CO production by CaHydG were determined as described in Fig. 4 . Conditions for the experiments described in Fig. S6 were as above; the various additions are described in the legend.
Aqueous Formate Derivatization and Quantification. Following a modified published procedure (34) , sodium acetate as an internal standard (10 μL of a 1 mM stock solution in 1:1 pyridine:HCl), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide (10 μL of a 0.29 M stock solution), and 2-nitrophenylhydrazine (10 μL of a 0.12 M stock solution in 250 mM aqueous HCl) were added to 100 μL of reaction mixture. The orange solution was heated to 60°C in a water bath for 15 min. The precipitated protein was pelleted by microcentrifugation (1 min at 16.1 × g). The 2 μL of the supernatant was analyzed using LC-ESI-MS (negative mode) with a Kinetex C18 reverse-phase HPLC column (150 mm × 2.1 mm, 2.6 μm, 100 Å; Phenomenex). An isocratic mobile phase (50:50 MeOH:H 2 O + 0.1% formic acid) was used for the separation of the derivatized compounds corresponding to monodeprotonated hydrazides with single ion monitoring at m/z values of 180 for formate, 181 for 13 C-formate, and 194 for acetate. A calibration curve used to accurately quantify formate (t R = 1.82 min) was obtained under assay conditions with sodium formate standards (0-300 μM) without protein. The peak area corresponding to derivatized formate was divided by the area of the derivatized acetate peak to obtain a response factor, which was plotted against formate concentration. The relationship was found to be linear within the range used.
